The heat inactivating effect of low-pressure carbonation (LPC) at 1 MPa against Escherichia coli was enhanced to 3:5 log orders. This study aimed to investigate the mechanisms of this increase in heat inactivation efficiency. The increased inactivation ratio was found to be the result of LPC-induced heat sensitization. This sensitization was not due to any physical damage to the cells as a result of the treatment. Following the depletion of intracellular ATP, the failure of the cells to discard protons caused an abnormal decrease in the intracellular pH. However, in the presence of glucose, the inactivation ratio decreased. In addition, a further increase in inactivation of more than 2 log orders occurred in the presence of the protein synthesis inhibitor chloramphenicol. Hence, the decreased heat resistance of E. coli under LPC was most likely due to a depletion of intracellular ATP and a decreased capacity for protein synthesis.
Microbial contamination is the main factor that determines the quality and shelf life of food. Food poisoning and spoilage as a result of microbial contamination can cause major public health hazards and economic losses. 1) Hence, preventing the microbial contamination of food is of much concern. A range of inactivation techniques exists, the best known being thermal treatment. However, the use of this treatment at high intensity usually causes the degradation of thermosensitive compounds, which not only improve the quality of food but also enhance its flavor.
2) It is thus necessary to control the heating intensity used in this treatment carefully to preserve these nutrients and flavors and at the same time retain the fresh attributes of the food. It is thus important to evaluate possible hurdle technologies or combination treatments that exploit additive and/or synergistic interactions between different preservation treatments to inactivate microorganisms under milder conditions. 3) Nonthermal treatments, such as high-pressure and acidification, have attracted interest as alternative, effective methods of inactivating microorganisms. High-pressure treatment of 400 MPa at 20 C for 30 min was found to be sufficient to cause 3.35 and 3:51 log reductions in Escherichia coli and Saccharomyces cerevisiae respectively. 4) However, this treatment also has serious limitations, such as the presence of pressure-resistant vegetative bacteria after treatment and the large financial investment it requires due to the high pressures involved. 5) The acidification technique has also been used to lower the temperature of thermal treatment, but that study focused only on acidic foods, such as pickled vegetables. 6) For more than 2 decades, the use of high-pressure carbonation treatment has been investigated as an alternative nonthermal pasteurization technique for foods. 7, 8) As for the mechanisms by which the CO 2 used in this method causes microbial inactivation, many hypotheses have been proposed. 9) Unfortunately, as yet there is no definitive evidence as to the prevailing mechanism of action of this technique.
In examining the mechanisms of action, many researchers have discovered various physical changes in microorganisms as a result of high-pressure carbonation. Cells have been found to exhibit irreversible membrane damage, including loss of salt tolerance, leakage of UV-absorbing substances, release of intracellular ions, and collapse of proton permeability, provoking the inactivation of some constituent enzymes. 10) However, since the pressures adopted for these carbonation treatments were still relatively high, at 8-35 MPa, a large amount of CO 2 waste was produced, and this requires large amounts of energy for disposal. Therefore, this is necessary to moderate the treatment pressure to as low as possible.
On this basis of the above knowledge, we hypothesized that if carbonation under mild pressure conditions is combined with heat treatment, this will assist in reducing the severity of the thermal conditions associated with conventional carbonation treatment using high CO 2 pressure. This combined technology might be a promising method for many liquid foods such as fresh fruit juice and Japanese Tsuyu production. We have found that under low pressure, at 1 MPa, the heat inactivating effect of carbonation against bacteria was enhanced to 3{5 log orders. Furthermore, this effect did not depend on the bacterial phenotype, such as heat resistance, gram staining, or oxygen requirements.
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We designed the present study to clarify how lowpressure carbonation (LPC) is associated with decreases y To whom correspondence should be addressed. Fax: +81-92-642-3018; E-mail: mshimoda@agr.kyushu-u.ac.jp in the heat resistance of microorganisms. To understand the effect of LPC on the heat resistance of cells, E. coli was used as a model. Subsequently we conducted physical and physiological analyses of LPC-treated E. coli cells, and assessed whether there was a correlation between heat resistance and protein synthesizing ability.
Materials and Methods
Preparation of the cell suspension. E. coli NBRC 3301 was obtained from the Japanese National Institute of Technology and Evaluation (Tokyo). It was precultured in 7 mL of tryptic soy broth (TSB; Difco, Detroit, MI) at 30 C for 12 h, and 100 mL of the resulting culture was inoculated into a freshly prepared 7-mL broth. The main culture was allowed to reach the late logarithmic phase of growth. Cells were harvested and washed 3 times by centrifugation at 2;000 Â g at 4 C for 10 min in 0.9% w/v sodium chloride solution, and the final pellet was resuspended in the solution to yield a final cell concentration of 10 6 colony-forming units (CFU)/mL. The resulting cell suspension was subjected to inactivation treatment, as described below.
LPC and heat treatments. The following five treatments were performed in a carbonation and heat treatment device, shown schematically in Fig. 1 .
LPC. An E. coli cell suspension was introduced into a CO 2 -dissolving vessel. CO 2 gas was then introduced into the vessel at a pressure of <1 MPa and dissolved, with stirring, into the cell suspension to the point of saturation at 4 C over 15 min. Heating without LPC. An E. coli cell suspension was introduced directly into a residence column in a water bath, without LPC, using a sample pump. After heating at 55 C for 1 min in the column under atmospheric pressure (0.1 MPa), the cell suspension was withdrawn via a pressure control valve.
Heating with LPC. An LPC-treated suspension was introduced into a residence column adjusted to 55 C in a water bath using a sample pump. After heating for 1 min in a residence column at 1 MPa, the cell suspension was withdrawn. During heating, the CO 2 concentration in the cell suspension was kept saturated at 1 MPa at a temperature of 55 C. The saturation of the CO 2 in the cell suspension was determined by Shimoda method.
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LPC followed by heating. An LPC-treated suspension was outgassed by aspiration and then heated to 55 C and 0.1 MPa in a residence column for 1 min.
Heating followed by LPC. An E. coli cell suspension was heated at 55 C and 0.1 MPa in a residence column for 1 min. The heated suspension was introduced into a CO 2 -dissolving vessel and subjected to LPC at 1 MPa at 4 C for 15 min. All five types of treated sample were assayed for viable count. Only the samples treated by LPC, heating with LPC, and LPC followed by heating were assayed for physical and physiological damage, as described below.
Counting of viable cells. Appropriate serial dilutions of each sample were prepared in a 0.9% sodium chloride solution; 0.1 mL of the suspension was plated onto a tryptic soy agar (TSA; Difco, Detroit, MI) plate, and the number of viable cells was counted after incubation at 30
C for 24 h. The inactivation ratio was expressed as logðN 0 =NÞ, where N 0 is the initial cell count and N is the viable cell count after treatment. The inactivation ratio was determined as the mean (standard deviation) for three independent experiments.
Analysis of physical changes. Microscopic observation. The cellular morphologies of the E. coli cells treated by LPC and heating with LPC were observed under a phase contrast microscope (Olympus BX 50; Olympus, Tokyo).
DAPI staining. The E. coli cells treated with LPC and heating with LPC were stained with 4 0 ,6 0 -diamidine-2 0 -phenylindole dihydrochloride solution (DAPI; Nacalai Tesque, Kyoto) according to the protocol of Hiraga. 13) DAPI was added to the E. coli cell suspensions to a final concentration of 10 mg/mL and mixed in well. The suspensions were centrifuged at 2;000 Â g for 10 min. The pellets were resuspended with DAPI, and the mixtures were incubated at 37 C for 1 h, then washed 3 times with sterile water. Finally, DAPI fluorescence was observed under a microscope (BX 50, Olympus) equipped with accessories for fluorescence observation (BH2-RFL-T3, U-ULS100HG, and BX-KLA; Olympus).
Measurement of UV-absorbing substances. The E. coli cells treated by LPC and heating with LPC were filtered out from the cell suspensions using a sterile syringe filter with a 0.20-mm pore size (Advantec, Tokyo). The absorbance of the filtrate was measured at 260 and 280 nm using a spectrophotometer (UV-1700; Shimazu, Kyoto, Japan). The absorbance of a cell suspension physically disrupted by vortexing with glass beads was also measured as a positive control.
DNA extraction and electrophoresis. Chromosomal DNA was extracted from the E. coli cells using Get Pure DNA Kit-Cell, Tissue (Dojindo Molecular Technologies, Kumamoto, Japan). The extracted DNA samples were loaded with loading buffer onto a 1% agarose gel. After the gel was run, the DNA was stained using ethidium bromide and observed with a UV trans-illuminator (TFM-20; Upland, UVP, CA).
Analysis of physiological changes. Measurement of intracellular pH. To measure the intracellular pH, we used a modification of Breeuwer's method. 14) E. coli cell suspensions were diluted to an OD 610 of approximately 1.2 and then centrifuged at 10;000 Â g for 10 min. The pellet was resuspended in an equal volume of 0.9% w/v sodium chloride solution, and EDTA was added to a final concentration of 5 mM. Carboxyfluorescein diacetate (cFDA, Nacalai Tesque) was added to the cell suspensions to a final concentration of 1 mM, and the suspensions were incubated at 30 C for 30 min. The cFDA-loaded cells were harvested by centrifugation at 10;000 Â g for 10 min and then resuspended in an equal volume of 0.9% w/v sodium chloride solution twice. Fluorescence intensities were measured using a spectrofluorophotometer (RF-5300PC, Shimadzu) at excitation wavelengths of 495 (pH-dependent point) and 435 nm (pH-independent point), an emission wavelength of 520 nm, and excitation and emission slit widths of 5 nm. The ratio between the fluorescence intensities at 495 and 435 nm was calculated, and was used to determine pH in , using the corresponding calibration curve.
A calibration curve was constructed from the cells resuspended with McIlvain buffers at pH values ranging from 3 to 8 by plotting the ratios of the fluorescence intensities. pH in and pH out were equilibrated by, addition of valinomycin (1 mM) and nigericin (1 mM), and the ratios were determined as described above.
Measurement of intracellular ATP (ATP in ). The amount of ATP was measured using a CheckLiteÔ 250 Plus kit following the manufacturer's instructions (Kikkoman, Chiba, Japan). Briefly, 0.1 mL of sample diluted in sterilized 0.9% w/v sodium chloride solution was mixed with 0.1 mL of ATP releasing agent solution. After 20 s, 0.1 mL of luciferin-luciferase reagent solution was added to the mixture, and luminescence was measured immediately with a Lumitester (C-110, Kikkoman). To eliminate extracellular ATP, a pretreatment was carried out in which 1 mL of the sample solution was mixed with 0.1 mL of the CheckLiteÔ Eliminating Kit solution. After 30 min, 0.1 mL of the aliquot was subjected to the bioluminescence assay described above using a CheckLiteÔ 250 Plus Kit. The ATP, represented in terms of the relative light units (RLU), was used to calculate the ATP concentration by plotting on the calibration setting of 10 À12 {10 À7 M of the ATP concentration. Treatment in the presence of protein synthesis inhibitor chloramphenicol (CP). To test for a correlation between heat resistance and protein-synthesizing ability, CP (Nacalai Tesque) was added to the E. coli suspension to inhibit protein synthesis before LPC was conducted. The susceptibility of E. coli to CP was tested to determine the maximum concentration of CP that could be applied without causing cellular inactivation. CP solution in ethanol was added to the untreated E. coli suspension to a final concentration of 0.01-10 mM. The number of viable cells following CP treatment was determined by the method described above. Subsequently, the most appropriate concentration of CP was added to the E. coli suspension, and then the CP-pretreated cell suspension was heated under LPC at 1 MPa at 55 C for 1 min. To allow synthesis of intracellular ATP, glucose was added to the E. coli suspension to a final concentration of 1 mM and then the suspension was heated with LPC.
Statistical analysis. All experiments were repeated 3 times. Data are presented as the mean (standard deviation) for triplicate experiments. To determine the inactivation ratio after the various treatments, statistical significances were assessed by Tukey's multiple comparison test. Analysis of variance (ANOVA) was performed to detect significant differences (p < 0:05) within each treatment.
Results and Discussion
Effect of LPC on the heat sensitivity of E. coli cells We reported that under LPC, the inactivation efficacy of heat treatment increased. 11) To determine whether the increased inactivation of the bacteria was caused by heat-induced sensitization to LPC or by LPC-induced sensitization to heat, the inactivation of E. coli cells as a result of heating followed by LPC was compared with that as a result of heating with LPC (Fig. 2) . The results indicated that heating with LPC induced a 3:5-log-order inactivation, whereas heating followed by LPC induced a 1:2-log-order inactivation. These results suggest that LPC sensitizes E. coli cells to heat, and also that heat sensitizes E. coli cells to LPC, but the degree of sensitization was more noticeable in LPC-induced heat sensitization.
Generally, acidification induces heat sensitization in microorganisms. To determine whether LPC-induced heat sensitization depended on acidification of the cell suspension, the LPC-treated cell suspension was outgassed and then heated, as for the LPC, followed by heat treatment (Fig. 2) . Although the inactivation ratio after treatment decreased to approximately 2 log orders, this inactivation ratio remained high. In addition, the pH of the untreated cell suspension was 6.6, which decreased to 4.1 following LPC. The pH after LPC recovered to 5.9 after out-gassing. After the subsequent heating step, the pH of the cell suspension was 5.6 (Table 1 ). This suggests that the CO 2 gas dissolved in the cell suspension was almost completely removed. In highpressure carbonation, extracellular acidification, resulting in the formation of carbonic acid, has been proposed to be a mechanism of inactivation, due to reductions in the pH levels. 15) According to these results, however, in LPC, extracellular acidification of the cell suspension only partially affects LPC-induced heat sensitization.
Capacity of LPC to cause physical damage in E. coli cells
Most published reports on the inactivation of microbes by carbonation have been conducted using pressures higher than 1 MPa. Under these conditions, stress (defined as all of the biological or physical disorders provoked by some form of aggression against an organism and its subsequent responses 16) ) occurs. In the present study, the capacity of LPC to cause physical damage in E. coli cells was investigated. Microscopic analyses of treated cells were conducted to explore possible structural changes after LPC and after heating with LPC (A). The results indicate that the structure of the treated cells was identical to that of the untreated cells. That is, no apparent differences among the treated cells were observed.
Furthermore, DAPI staining of the cells subjected to treatment did not show any change in chromosomal DNA (Fig. 3A) . This suggests that the chromosomal DNA was not degraded or aggregated by LPC treatment. This was confirmed by the results of agarose gel electrophoresis. There were no apparent changes and there was no fragmentation of the chromosomal DNA extracted after LPC, heating without LPC, or even heating with LPC (Fig. 3B) .
In any case of carbonation treatment, the cell membrane may be damaged enough to release cellular materials, provoking cell death. To explore this possibility further, the release of cytoplasmic materials was determined by measuring the absorbance of the resulting filtrates at 260 and 280 nm. Cells treated with both LPC and heating with LPC showed levels of absorbance similar to the untreated cells (Fig. 3C) . Thus leakage of nucleic acids and protein-like materials did not occur during the treatments.
In addition, although it was suggested, on the basis of microscopic analysis, that heating at 55 C for 10 min caused the release of part of the outer membranes of the E. coli cells, 17) in the present study heating at 55 C for 1 min, even with LPC (heating with LPC), did not show this kind of membrane damage (Fig. 3A) . This provides evidence that heating has no significance in terms of increasing LPC sensitivity, while LPC increases heat sensitivity. These data therefore indicate that the enhanced bacterial cell death following heating with LPC was probably due not to any physical damage of the E. coli cells as a result of LPC.
Ability of LPC to cause physiological damage to E. coli cells ATP in and pH in In an ordinary E. coli cell respiration system, excess protons are exported by a proton pump including the electron transport system and the H þ -ATPase system. In the electron transport system, oxygen is used as the final electron acceptor, then intracellular protons are exhausted to outside the cell via complexes I-IV, and a transmembrane potential is formed. In the H þ -ATPase system, complex V imports the proton into the cell using this transmembrane potential and produces ATP. Therefore, when there is an excess of protons inside the cell as a result of carbonation, the supporting homeostatic control mechanism, the H þ -ATPase system, is typically affected. A previous study revealed that an excess of protons inside the cells as a result of carbonation causes a lowering of pH in . 18) Additionally, H þ -ATPase exhausts ATP as a motive force to excrete the excess protons in the cell. 19) The amount of intracellular ATP (calculated as % per viable cell) in the E. coli cells after heating with LPC is shown in Fig. 4 . The freshly prepared E. coli cells contained high levels of ATP in (10 À8 mole/viable cell). This ATP concentration was represented as the 100% concentration. After LPC, there was a sharp reduction in ATP in , to 50% (data not shown). Heating with LPC resulted in a very low level of ATP (2%). Therefore, the consumption of ATP for pumping out the excess protons during LPC might be involved in the treatment's ability to reduce the heat resistance of E. coli cells. Moreover, the pH in value of the treated cells decreased to about 5.5 after LPC (Table 1) . Based on these results, it was concluded that after LPC, the cells had already been depleted in ATP in , making it impossible for them to pump out the excess protons. This would also explain the unusual decrease observed in pH in .
As far as the synthesis of ATP due to glucose added to the E. coli cell suspension is concerned, to make possible the synthesis of intracellular ATP, glucose was added to the E. coli suspension to a final concentration of 1 mM. Then, the suspension was subjected to heating with LPC. It was found that the ATP in level of the untreated cells increased to 180% on the addition of glucose (Fig. 4) . After heating with LPC, the ATP in level in the presence of glucose decreased to 50% with a small increase in the inactivation ratio, to 0:6 log order. Thus, it can be concluded that under substantial ATP synthesis during LPC, E. coli successively maintained its cellular homeostasis, with the result that a decrease in its heat resistance was almost impossible. 
Treatment in the presence of protein synthesis inhibitor CP
Both protein denaturation and a change in protein synthesis, such as an acid stress response, would affect the heat resistance of bacteria. In this study, CP was used to inhibit protein synthesis before LPC to confirm a correlation between the heat resistance of the cells and their protein-synthesizing ability. CP was used at the maximum concentration (5 mM) that would not decrease the colony number of untreated E. coli cells. To make possible the synthesis of intracellular ATP, all experiments were additionally performed in the presence of glucose (1 mM).
In the presence of CP, heating with LPC increased the inactivation ratio from 3.5 to 5:8 log orders (Fig. 5) . However, the log-order inactivation was also increased to approximately 5, even with added glucose. Thus it can be concluded that the lack of protein synthesis ability during LPC had a strong effect on the heat resistance of the bacteria.
The susceptibility of cells to CP can be increased as a result of cell membrane damage and multidrug efflux pump dysfunction. 20) However, as shown in Fig. 3 , LPC did not damage the cell membrane, so it can be confirmed that after LPC, CP susceptibility was not increased. As in Fig. 5 , even in the presence of excess ATP in (the addition of glucose) to make the efflux pump drives normal, log-order inactivation was still increased, to a high level. Therefore, the probability of dysfunction of the multidrug efflux pump would also be low.
Depletion of ATP in decreases the protein-synthesizing ability of bacteria. Thus, at the beginning of LPC, when ATP in is plentiful, bacterial cells can synthesize protein, but this situation does not persist after the next treatment step. As LPC treatment continues and ATP in rapidly decreases, protein-synthesizing ability decreases.
Conclusions
This study indicates that heating with LPC has a significant inactivating effect on E. coli cells by sensitizing them to heat. The combination of mild heat inactivation treatment and mild carbonation treatment appears promising for possible application in the food industry. Moreover, after LPC, the solubilized CO 2 can also be discarded by mild heat treatment at the next step.
This process might reduce the degradation of food quality caused by LPC. In contrast to the previously reported carbonation method, the LPC caused physiological damage to E. coli cells, including a decrease in intracellular ATP. This finding is key in terms of explaining the fall in the intracellular pH after LPC. An inability of cells to conduct protein synthesis has been hypothesized to affect the heat resistance of E. coli strongly as a result of lowered intracellular pH. Further studies are required to investigate the changes in protein denaturation and protein synthesis after LPC. 
